Transport studies revealed that Pseudomonas savastanoi readily takes up both tryptophan and indoleacetic acid, and that uptake was pH-, temperature-, and energy-dependent. Uptake of tryptophan and indoleacetic acid appeared to be mediated by separate transport systems on the basis of differences in competitive interactions between tryptophan and indoleacetic acid, kinetics of transport, the pH range, and osmotic shock treatment of cells.
Preparation of bacteria and determination of transport. Bacteria were grown in 100 ml of the minimal medium in 250 ml Erlenmeyer flasks on a rotary shaker at 25 "C for approximately 20 h. They were harvested by centrifuging for I min at 14000 g at 4 "C, rinsed twice with 15 ml cold minimal medium, and resuspended in the minimal medium to the desired concentration (approximately I -5 mg dry wtlml). To minimize incorporation of tryptophan into protein, 20 pg chloramphenicol/ml (final concentration) was added to the reaction mixture for tryptophan transport. The bacterial suspension and sterile minimal medium with varying concentrations of ~-[l~C]tryptophan were equilibrated in:a water bath at 25 "C. Then 0.1 ml of the bacterial preparation was mixed with I -4 ml of the minimal medium. The mixture was stirred for 3 s on a Vortex mixer at low speed and then returned to the water bath at 25 "C. Thirty s after mixing, I ml of the reaction mixture was transferred to the centre of a Millipore filter (type HA, 0.45prn). The bacteria on the filter were immediately washed with 5 ml of the minimal medium at 25 "C. The filter pads were removed, air dried, and placed in 5 ml scintillation fluid (Patterson & Greene, I 965) and assayed with a liquid scintillation counter (Nuclear Chicago Model 6822).
To correct for non-specific adsorption, uptake was measured in bacteria treated with 30 % (v/v) formaldehyde in water. The counts retained by the formaldehyde-treated bacteria were subtracted from the counts retained by untreated organisms to calculate net uptake of the compound tested. Transport rates are expressed as pmol of substrate taken up in 30 s/g dry wt of bacteria.
Uptake of indoleacetic acid was measured in the same manner described for tryptophan except that chloramphenicol was omitted and the pH of the minimal medium was 6.2.
Osmotic shock treatment. A 10 1 carboy with 5 1 of minimal medium was inoculated with IOO ml of a 20 h shaken culture of the bacterium. After vigorous aeration (5 to 7 1 airlmin) for 15 h at 25 "C, the cells were harvested in a Sharples centrifuge and osmotically shocked by the technique of Nossal & Heppel(1966) . The resulting osmotic shock fluid was concentrated by the addition of solid (NH4)$04 to 95 % (w/v) of saturation with stirring at 4 "C. The precipitate was collected by centrifuging for 15 min at 14000 g at 4 "C, taken up in IOO ml of 0-01 M K-phosphate buffer (4 "C), pH 7.0, and dialysed overnight against three 2 1 changes of the same buffer at 4 "C. A sample ( IOO ml) of concentrated osmotic shock material was layered on a DEAE-cellulose (Cellex D, Biorad Lab) column (2.2 x 10 cm) which had been equilibrated with 0.1 M K-phosphate buffer, pH 6.9. The column was washed with 250 ml of 0-02 M K-phosphate buffer, pH 6.9, followed by 250 ml of 0.15 M K-phosphate buffer, pH 6.9. Fractions were collected in 6 ml portions and the extinction monitored at 280 nm to follow protein elution. Binding activity for tryptophan and IAA was detected by equilibrium dialysis (Penrose, Nichoalds, Piperno & Oxender, I 968) .
Bufler solutions. K-phosphate buffer was prepared from appropriate amounts of KH2P04 and K2HP04 to give a final phosphate concentration of 0.01 M and desired pH.
Chemicals. ~-[Methylene-~~C]tryptophan, specific activity 543 mCi/mmol, was purchased from Amersham-Searle. [Carboxy-14C]indole-3-acetic acid was purchased from AmershamSearle, specific activity 48.5 mCi/mmol, and Schwartz Bioresearch Inc., specific activity 14-2 mCi/mmol. Other chemicals were purchased from commercial sources. , :
RESULTS
Time course for uptake. When cells were incubated with either L-tryptophan or IAA, the initial rates of entry were rapid (Fig. I) and uptake was linear with time. Thereafter an apparent steady state of entry and exit was established. On the basis of these results, a 0.5 min incubation period was used to measure the approximate initial rate of entry. The external concentration of L-tryptophan (-0-) and IAA (-0-) was 0.1 mM.Transport was measured as described in Methods except that the time was varied. Fig. 2. pH Dependence of transport. Transport was measured as described in Methods except that the pH was varied. Potassium phosphate was used at all values listed. Because phosphate has low buffer capacity at the extremes of the pH range tested, pH values were measured after transport was conducted. In all cases the pH of the washing medium was the same as the pH of the incubation medium. External concentration of r-tryptophan (-0-) and IAA (-0-) was 0-1 mM. p H Dependence of transport. Maximum uptake of tryptophan occurred over a broad pH range with no definite optimum (Fig. 2) . In contrast, uptake of IAA occurred over a rather narrow pH range with a definite optimum at 6.2. Initial rates of transport measured in the presence of 0.01 M tris-HC1, for the pH range 7 to 9, and 0.01 M Na citrate-NaOH buffer for pH range 4 to 6 were approximately 35 % less than those observed when potassium phosphate was used over the same range.
Tryptophan and indoleacetic acid transport
Efect of temperature on transport. Uptake of tryptophan and IAA showed a pronounced temperature dependence (Fig. 3) . Maximum uptake of tryptophan appeared to occur at approximately 45 "C, while the temperature optimum for IAA uptake was 40 "C. Q,, values for tryptophan and IAA between 15 and 25 "C were 2.1 and 2.5, respectively.
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[14C]lndoleacetic acid fpM) The potential competitor and the appropriate substrate were mixed just prior to the addition of bacterial suspension.
L-lysine, L-aspartic acid, and L-proline was less than 8 %.
j-Results are expressed as percentage of the control. The control rates (pmol/30 s / g dry wt bacteria) were 0.92 for L-tryptophan and 2-1 I for indoleacetic acid.
Concentration dependence of transport. Studies on other bacterial transport systems have shown that enzyme kinetics could be applied to describe the initial rates of uptake (Ames, 1964; . In our studies, the tryptophan transport system appeared to be nearly saturated at 2 0 p~ (Fig. 4) while the IAA transport system was saturated near 5 0 p~ (Fig. 5) . The kinetic constants that describe the initial rates of entry were calculated from Lineweaver-Burk plots. The apparent K, values for tryptophan and IAA were 8 ,UM and z o p~, respectively, and the respective V,,, values were 0.85 and 2-2pmol/30 s/g dry wt of bacteria.
Spec$city of transport. When a compound is taken up by a bacterium it is presumed that in the initial stage it becomes associated with a specific site on the membrane surface (Pardee, 1968) . Consequently, if two compounds are transported by the same system, and both are present in the extracellular medium, they would compete for this site, and the movement of 
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Time (11) 72. Fig. 6 . Effect of the age of culture on transport rates. Pseudomonassavastanoi was grown on minimal medium (500 ml) on a rotary shaker at 25 "C. At 8 h IOO ml of suspension and 50 ml at each interval thereafter were removed and transport measured as described in Methods. External concentration of L-tryptophan (-O--) and IAA (-0-) was 0 -r mM. Growth (--O-) was determined turbidimetrically. Fig. 7 . Separation of indoleacetic acid-binding activity from osmotic shock material by chroniatography on a DEAE-cellulose column. The column was eluted first with 0.02 M-potassium phosphate, pH 6.9 (arrow I ) and then with 0.15 M-potassium phosphate, pH 6.9 (arrow 2). The fraction volume was 6 ml and the flow rate was 3 ml/min. Ezso (-(I-) , indoleacetic acid-binding activity (-U-), tryptophan-binding activity (-,!I-). Binding activity in the column effluents was determined by the equilibrium dialysis procedure of Penrose et al. (1968) except that 0 . 1 mM ~-tryptophan-3-l~C (specific activity, I ,uCi/,umol) or 0.1 mM-indoleacetic acid-3J4C (specific activity, I ,uCi/,miol) was used as substrate. Tryptophan and indoleacetic acid transport 2=7 Table 5 . Transport by osmotically shocked bacteria Bacteria were grown in 5 1 of minimal medium and harvested by centrifugation as described in Methods. The cells were washed twice with 10 ml of 0.03 M-NaCl buffered with 0.01 M tris-HCI, pH 7.2/g of wet bacteria. For control organisms a portion (10 ml) of the washed bacteria was mixed with 10 ml of cold minimal medium, centrifuged for I min at 14000 g at 4 "C and resuspended in minimal medium to the desired bacterial concentration. ' Shocked ' organisms were prepared by subjecting the remainder of the washed bacteria to osmotic shock treatment (Nossal & Heppel, 1966) . the presence of the other. Therefore, with:whole organism preparations specificity of transport is determined by measuring the rate of uptake in the presence of potential competitors. We found that of several amino acids tested only L-histidine had affinity for the tryptophan transport system ( Table I ). The uptake of IAA, moreover, was apparently not associated with the transport of tryptophan since it failed to inhibit uptake of the amino acid. IndolepyruvicIacid (Table 2 ) was the only indole derivative that apparently competed with both transport systems, while no effect on either system was observed with indoleacetyl-lysine, indole, and tryptamine. All other indole derivatives ( Table 2 ) that inhibited IAA transport had no effect on tryptophan transport. Of the tryptophan derivatives only DL-a-methyl-tryptophan and D-tryptophan (Table 3) failed to inhibit trytophan transport. EDTA and N-ethyl maleimide did not inhibit transport of either compound whereas 2,4-dinitrophenol and sodium azide did ( Table 4) .
EHect of culture age on transport rates. Since many metabolic processes vary with the time of bacterial growth it seemed reasonable to assume that transport rates could also vary in this way. Fig. 6 shows that transport rates were near maximal in the earliest samples harvested (8 h) and remained high until about 40 to 48 h growth, after which they rapidly declined. These results indicated that a growth period of 20 h could be used for transport studies.
Experiments with osmotically shocked cells. Osmotic shock decreased IAA transport but had little effect on tryptophan transport (Table 5 ). Moreover, factors that bind IAA were released from the bacteria and detected in the osmotic shock fluid. By DEAE-cellulose chromatography, a fraction that binds IAA was recovered from the shock fluid (Fig. 7) . No tryptophan binding activity was detected in the osmotic shock fluid or in the DEAE column efluen ts.
Eflect ofpreloading cells with tryptophan and indoleacetic acid. IAA inhibited its own formation from L-trytophan by bacterial suspensions (Kuo & Kosuge, 1969) . This was attributed to either (i) inhibition of tryptophan oxidative decarboxylase, which catalyses the conversion of tryptophan to indoleacetamide or (ii) inhibition of tryptophan uptake. In the present study IAA did not inhibit the uptake of tryptophan directly. However, when cells were loaded with L-tryptophan, rates of transport of tryptophan and IAA decreased (Table 6) . Similarly, transport of IAA, as well as its precursor tryptophan, was inhibited when cells were loaded with IAA. Table 6 . Eflects of pre-incubation conditions on the transport of
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L-tryptophan and indoleacetic acid
Bacteria were grown in minimal medium and harvested as described in Methods. The cells were washed twice with 10 ml of 0.03 M-NaCl buffered with 0.01 M-tris-HC1, pH 7.2/g of wet bacteria and suspended in 10 ml of cold (4 "C) minimal medium to a concentration of 3 mg dry wt/ml. Then 1 0 ml of the latter bacterial suspension were mixed with 10 ml of cold minimal medium containing I o mM-L-tryptophan (pre-incubation with tryptophan), or indoleacetic acid (pre-incubation with indoleacetic acid). After 15 min the cell preparations were centrifuged for I min at 14000g at 4 "C. The sedimented bacteria were washed once with 20 ml cold minimal medium and then resuspended in minimal medium at 25 "C to a concentration of 1-5 mg dry wt/ml. The suspension was used for transport studies in 0.1 mM-tryptophan or [14C]indoleacetic acid by procedures described in Methods. Transport rates, pmol of substrate taken up per 30 sig dry wt of cells, are expressed relative to the control rates which were 0.95 for L-tryptophan and 2.1 for indoleacetic acid.
Relative transport rates 
DISCUSSION
The transport of tryptophan and other amino acids has been studied in bacteria (Boezi & DeMoss, 1961; Ames, 1964; Kaback, 1970) and fungi (Wiley & Matchett, 1966) . The presence of transport systems which mediate the uptake of organic acids has been suggested (Shilo & Stanier, 1957; Clarke & Meadow, 1959) and systems for the uptake of citric acid by Streptococcus diacetilactis (Harvey & Collins, 1962) and malate by S. faecalis (London & Meyer, 1970) have been reported but no reports dealing with IAA transport have appeared.
When Pseudomonas savastanoi is grown in a medium containing tryptophan or IAA, the first reaction in the utilization of either compound is its transport into the bacterium. If the proposed mechanism of transport in other bacteria is correct (Pardee, 1968) , the first step is formation of a complex between tryptophan or IAA and a specific component on the outer membrane surface. Specificity of such binding would therefore serve to regulate tryptophan and IAA metabolism. Since incubation of the bacterium with either L-tryptophan or IAA decreases the subsequent rate of transport of either compound (Table 6) , additional, as yet uncharacterized, regulatory mechanisms also appear to help control entry of the two compounds into the cell.
Sufficient differences are noted between IAA transport and tryptophan transport to indicate that separate systems are involved. This is further substantiated by the removal of an IAA-binding factor from cells by osmotic shock and its isolation by DEAE-cellulose chromatography. Tryptophan-binding activity was not removed by this treatment.
The tryptophan transport system appears to be stereospecific as shown by the lack of inhibition of uptake of L-tryptophan by D-tryptophan. Divalent cations do not appear to be involved in the transport of either tryptophan or IAA since EDTA did not inhibit uptake. Moreover, the lack of inhibition of transport by N-ethyl maleimide suggests that the initial binding process does not involve a thiol group. The transport processes may be energydependent since uptake of both compounds was strongly inhibited by sodium azide and 2,4-dinitrophenol. However, direct involvement of an energy-rich compound in the transport system is not likely since an incubation period was required in order to observe decreased transport rates.
